Exogenous guanine was found to be incorporated into the nucleic acids of Chlamydia psittaci when the parasite was grown in HeLa cells containing hypoxanthine guanine phosphoribosyltransferase (EC 2.4 (19, 20, 21) determined that isolated C. psittaci can carry out a number of reactions in the glycolytic, tricarboxylic, and pentose phosphate pathways but that none of these reactions was associated with the net production of ATP. Gill and Stewart (5) and Moulder (12) concluded that the enhanced rate of catabolism of glucose when L cells are infected with C. psittaci represents a host response to infection rather than independent parasite catabolic activity. Gill and Stewart (6) found antimycin, an inhibitor of electron transport, reduced the yield of C. psittaci grown in L cells even though cytochromes and flavoproteins have not been detected in chlamydiae (E. Weiss and L. A. Kriesow, Bacteriol. Proc., p. 85, 1966).
Members of the genus
determined that isolated C. psittaci can carry out a number of reactions in the glycolytic, tricarboxylic, and pentose phosphate pathways but that none of these reactions was associated with the net production of ATP. Gill and Stewart (5) and Moulder (12) concluded that the enhanced rate of catabolism of glucose when L cells are infected with C. psittaci represents a host response to infection rather than independent parasite catabolic activity. Gill and Stewart (6) found antimycin, an inhibitor of electron transport, reduced the yield of C. psittaci grown in L cells even though cytochromes and flavoproteins have not been detected in chlamydiae (E. Weiss and L. A. Kriesow, Bacteriol. Proc., p. 85, 1966) .
Proving that chlamydiae are energy parasites requires demonstrating a direct requirement of nucleotides by chlamydiae growing in a hostfree system. Since chlamydiae have not been propagated outside of host cells, Hatch (8) attempted to demonstrate indirectly that C. psittaci uses host-derived energy intermediates by showing that C. psittaci organisms multiplying within L cells incorporate exogenous uridine, guanine, and adenine labels into RNA at rates consistent with the parasites drawing exclusively on their host's ribonucleoside triphosphate pools for precursors. Although it was deemed unlikely, the possibility that chlamydiae are purine and pyrimidine nucleoside auxotrophs, rather than dependent on host ribonucleotides, could not be ruled out with certainty.
The present study was undertaken to elimi- cells per flask) and replaced with 1.5 ml of growth medium containing [3H]guanine (1.0 pCi/ml) and an appropriate amount of carrier guanine. After 5 min of incubation, the medium was decanted and the cells were washed five times with 5 ml of PBS before being digested with 0.5 ml of 1% sodium dodecyl sulfate. The digest was dissolved in 10 ml of ACS (Amersham/ Searle), and the radioactivity was determined by liquid scintillation spectometry. containing carrier GMP were applied to strips of polyethyleneimine-impregnated cellulose thin-layer chromatography sheets (Brinkmann Instruments), and unreacted guanine was removed by washing the sheets two times in 500 ml of 4.0 mM tris(hydroxymethyl)-aminomethane-hydrochloride (pH 7.8). Radioactive nucleotides were separated by using the LiCl method of Randerath and Randerath (14) . The area containing GMP, detected by ultraviolet absorption, was cut out, and the radioactivity associated with GMP was determined. Protein in the extract was quantitated by the method of Bradford (2) .
Autoradiographic experiments. C. psittaci-infected cells at a density of 250,000/ml were incubated as monolayers in Leighton tubes. At 18 h postinfection, the medium was replaced with 1 ml of growth medium containing 2 ,uCi of [3H]guanine (100 nmol/ml). The monolayers were incubated for an additional 10 h and then fixed and prepared for autoradiography. After 21 days the film was developed and the cells stained as previously described (9) . In some experiments, fixed cells were treated with 250 jig of pancreatic ribonuclease (RNase), 250 pg of deoxyribonuclease (DNAse) I (both Sigma), or both for 2 h at 370C before exposure to film.
Purification of C. psittaci. C. psittaci was harvested by the Nonidet P-40 method of Hatch (7) . The crude harvest (2.5 ml) was layered over an isopycnic gradient consisting of 0.5 ml of 40%, 0.5 ml of 35%, and 1.5 ml of 30% Renografin (E. R. Squibb & Sons), and C. psittaci was sedimented at 134,000 x g for 2 h. The C. psittaci band, located at the 35/40% interphase, was collected, and the Renografin was removed by sedimenting the C. psittaci at 10,000 x g and washing with 50 volumes of PBS.
Isotopes. [8-3H] guanine sulfate was purchased from Amersham/Searle.
RESULTS
Transport of guanine by HeLa cells. It has been reported that mutants lacking hypoxanthine guanine phosphoribosyltransferase activity also lack the ability to transport purines by a mediated process (4) . Because C. psittaci is an intracellular parasite, it is conceivable that the failure of an exogenous guanine label to be incorporated into the RNA of C. psittaci growing in HGPRT-cells could be due to the failure of the label to gain entry into the host cell rather than to the inability of the parasite to elevate guanine to the nucleotide level. Figure 1 shows the rate of uptake of guanine by HeLa (Fig. 2) . Whether or not label was incorporated into parasite RNA in the infected HGPRT+ cells was not determined in this experiment. On the other hand, the failure of label to be incorporated into the RNA of infected HGPRT-cells, despite a 3-or 4-fold increase in the mass of the parasite during the labeling period, precludes the possibility that exogenous label was incorporated to a significant degree into C. psittaci RNA in these cells and suggests that both HGPRT-cells and C. psittaci lack transferase activity.
Transferase activity in uninfected and infected HeLa cells. Hypoxanthine guanine phosphoribosyltransferase activity was measured in extracts of uninfected and C. psittaciinfected HGPRT+ and HGPRT-cells in an attempt to detect a chlamydia-specific activity. Extracts were prepared from cells infected for 28 h, a time when inclusions containing chlamydiae were moderately large and consisted mainly of osmotically fragile, multiplying large forms of C. psittaci (inclusions in control samples increased twofold in size, as observed by staining and light microscopy, after 4 of exogenously added guanine into parasite nucleic acids. Grains were noted over the cytoplasm and, to some extent, over the nucleus of HGPRT' cells; inclusions containing C. psittaci were almost completely blackened (Fig. 3A) . About 50 to 75% of the grains over the inclusions were eliminated by treatment of the fixed cells with RNase before exposure to autoradiographic film, and most of the remaining grains were removed by treatment with DNase (autoradiographs not shown), indicating that the exogenous guanine label was incorporated into both RNA and DNA of the parasite. In contrast to the pattern of graining seen in HGPRT' cells, very few grains were detected over any portion of HGPRT-cells (Fig. 3B ). This confirms that neither host nor parasite can use exogenous guanine when C. psittaci is grown in HGPRT-cells. (Fig. 3B ) and the RNA extraction study on whole, infected HGPRT-cells (Fig. 2 ) and further confirms that C. psittaci is incapable of incorporating a significant amount of exogenous guanine into its RNA.
DISCUSSION
The results presented here indicate that C. psittaci cannot use exogenous guanine as a precursor for nucleic acid synthesis when the parasite is grown in a host cell deficient in hypoxanthine guanine phosphoribosyltransferase activity. The inability of the parasite to use exogenous guanine likely is due to its lack of transferase activity. On the other hand, guanine supplied in the culture medium is incorporated into parasite RNA and DNA if C. psittaci is grown in a host cell capable of elevating guanine to the nucleotide level. Therefore, it is concluded that the parasite itself cannot use guanine directly, but that it can use guanine nucleotides (most likely guanosine 5'-triphosphate) supplied by the host as precursors for nucleic acid synthesis.
Although the experiments reported here do not eliminate the possibility that C. psittaci can synthesize guanine nucleotide de novo, they do demonstrate for the first time that an obligately intracellular parasitic bacterium can and does use host nucleotides for its own biosynthetic purposes.
It is interesting that not all host-synthesized nucleotides are used by C. psittaci. Tribby and Moulder (17) noted that exogenous thymidine and deoxycytidine are incorporated into host Lcell DNA, but not into chlamydial DNA. The poor incorporation of exogenous thymidine into C. psittaci DNA was verified by Hatch (9) in an autoradiographic study. Lin (10) demonstrated that C. psittaci lacks thymidine kinase activity and speculated that the parasite possesses a thymidine synthetase, thereby synthesizing thymine nucleotides from deoxyuridine 5 (1) . However, Winkler (24) has demonstrated that R. prowazeki possesses an adenosine 5'-diphosphate (ADP)-ATP transport system. Consequently, it has been suggested that these obligatory intracellular bacteria use host ADP and ATP pools for intracellular VOL. 25, 1979 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from growth and rely on endogenous generation of ATP for extracellular survival (23, 24) . Williams and Peterson (22) found nucleotide kinases, but not uridine or thymidine kinase activity, in R.
typhi and propose that these rickettsiae use host-derived nucleotides for precursors for nucleic synthesis. Similarly, Christian and Paretsky (3) found nucleotide kinase activity in Coxiella burnetii and speculate that this rickettsialike organism may use host nucleotides, although C. burnetii apparently has retained the ability to synthesize pyrimidine nucleotides de novo as well (11) . Finally, the intraperiplasmic parasite Bdellovibrio bacteriovorus preferentially uses host-derived thymidine monophosphate over exogenous thymidine as a precursor for DNA synthesis. Exogenous thymine and uridine are not used at all (15) .
The ability of C. psittaci and possibly some other intracellular parasites to use host-generated nucleotides for their own biosynthetic purposes represents a logical adaptation to a nucleotide-rich environment.
